Stem cell-based approaches to restore function after stroke through replacement of dead neurons require the generation of specific neuronal subtypes. Loss of neurons in the cerebral cortex is a major cause of stroke-induced neurological deficits in adult humans. Reprogramming of adult human somatic cells to induced pluripotent stem cells is a novel approach to produce patient-specific cells for autologous transplantation. Whether such cells can be converted to functional cortical neurons that survive and give rise to behavioural recovery after transplantation in the stroke-injured cerebral cortex is not known. We have generated progenitors in vitro, expressing specific cortical markers and giving rise to functional neurons, from long-term selfrenewing neuroepithelial-like stem cells, produced from adult human fibroblast-derived induced pluripotent stem cells. At 2 months after transplantation into the stroke-damaged rat cortex, the cortically fated cells showed less proliferation and more efficient conversion to mature neurons with morphological and immunohistochemical characteristics of a cortical phenotype and higher axonal projection density as compared with non-fated cells. Pyramidal morphology and localization of the cells expressing the cortex-specific marker TBR1 in a certain layered pattern provided further evidence supporting the cortical phenotype of the fated, grafted cells, and electrophysiological recordings demonstrated their functionality. Both fated and non-fated celltransplanted groups showed bilateral recovery of the impaired function in the stepping test compared with vehicle-injected animals. The behavioural improvement at this early time point was most likely not due to neuronal replacement and reconstruction of circuitry. At 5 months after stroke in immunocompromised rats, there was no tumour formation and the grafted cells exhibited electrophysiological properties of mature neurons with evidence of integration in host circuitry. Our findings show, for the first time, that human skin-derived induced pluripotent stem cells can be differentiated to cortical neuronal progenitors, which survive, differentiate to functional neurons and improve neurological outcome after intracortical implantation in a rat stroke model. Keywords: stem cell; stroke; pluripotent; human; cortex Abbreviations: hCTx = primary cultures of human foetal cortical; PSC = pluripotent stem cells; NES = neuroepithelial-like stem; TTX = tetrodotoxin; WBC = Wnt3a, BMP4 and cyclopamine
Introduction
Ischaemic stroke is a leading cause of death and long-term disability in adult humans. It leads to the loss of brain parenchyma and many types of neurons, astrocytes, oligodendrocytes and endothelial cells. Effective treatments to promote tissue repair and functional recovery after stroke are lacking. Recently, systemic or intracerebral delivery of stem cells has emerged as a promising new therapeutic strategy in stroke. Transplantation of stem cells and their progeny, derived from various sources, has been shown to give rise to improvement in animal models of stroke through several mechanisms including neuronal replacement, modulation of inflammation, neuroprotection and stimulation of angiogenesis (Lindvall and Kokaia, 2011) .
Clinical trials with stem cell delivery in stroke patients are ongoing, aiming at improvements through mechanisms other than neuronal replacement (www.clinicaltrials.gov). Although these approaches may provide therapeutic benefit, a long-term goal for stem cell research in stroke should probably be to generate specific neurons for replacement in order to reconstruct injured neural circuitry. In support of this idea, grafted embryonic stem cell-derived neurons can become functional and exhibit some level of synaptic integration in host neural circuitries, suggesting that neuronal replacement in the stroke-damaged brain may contribute to the behavioural improvements (Buhnemann et al., 2006; Hicks et al., 2009; Daadi et al., 2010) . Clinical and imaging data showing the distribution of ischaemic cell loss underlying the most severe symptoms in stroke patients indicate that cell replacement approaches should focus on the reconstruction of damaged cortex (Delavaran et al., 2013) . This goal will require the generation of cortical neurons from stem cells and their integration following transplantation.
Over recent years, our ability to direct the differentiation of pluripotent stem cells (PSCs) towards specific subtypes of cortical excitatory neurons has vastly improved for mouse cells whereas human cells have lagged behind (Hansen et al., 2011; Ideguchi et al., 2010) . Recently, Espuny-Camacho et al. (2013) reported that human embryonic stem cells can be differentiated to cortical precursors and integrate after transplantation into the intact neonatal mouse brain. These authors also reported that human induced PSCs, obtained through reprogramming of skin fibroblasts, can generate cortical neuronal precursors in vitro, as assessed using gene expression and specific markers (EspunyCamacho et al., 2013) , but no in vivo studies were performed. Thus, whether human induced PSC-derived cortical neuronal progenitors can survive transplantation, differentiate to functional, mature cortical neurons and have behavioural effects in the injured adult brain is unknown. Several recent reports have described that grafts of non-fated human induced PSC-derived neural progenitors, in most cases implanted into the striatum in animals subjected to middle cerebral artery occlusion, can give rise to neurons and improve functional recovery (Chen et al., 2010; Gomi et al., 2012; Jiang et al., 2011; Chang et al., 2012; Polentes et al., 2012) . In a previous study (Oki et al., 2012) , we used human induced PSC-derived longterm expandable neuroepithelial-like stem (NES) cells, which constitute a stable cell line with capacity to give rise to both mature neurons and glial cells (Falk et al., 2012) . After transplantation into the stroke-damaged striatum and cortex, non-fated human induced PSC-derived long-term expandable NES cells stopped proliferation, survived long-term and generated a high proportion of cells with morphological and electrophysiological properties of neurons, providing evidence that human induced PSCs could be used for neuronal replacement in stroke (Oki et al., 2012) .
The aims of the present study were 2-fold: first, to generate neuronal progenitors with a cortical phenotype in vitro from the human induced PSC-derived long-term expandable NES cells, and second, to transplant these progenitors into the stroke-injured cortex of rats and assess their survival, proliferation, differentiation, morphology and axonal outgrowth, electrophysiological properties, and ability to improve behavioural deficits. We show, for the first time, that intracortically grafted human induced PSCderived neuronal progenitors, which have been fated towards a cortical phenotype in vitro, develop into functional, mature neurons with cortical morphology, integrate into stroke-injured host brain, and promote functional recovery.
Materials and methods

Experimental design
We first evaluated the efficiency of various cortical differentiation protocols on human induced PSC-derived long-term expandable NES cells in vitro. Immunohistochemical characterization, PCR confirmation, and electrophysiological analysis were performed at different time points (Supplementary Fig. 1 ).
For the in vivo part of the project, we used Sprague-Dawley and Nude rats, which were subjected to 30 min distal middle cerebral artery occlusion ( Supplementary Fig. 1 ). Three groups of Sprague-Dawley animals were transplanted intracortically with cortically fated or nonfated cells or vehicle 48 h later. Behavioural tests were performed at different time points over 2 months, and animals were then sacrificed for immunohistochemical analysis. Nude rats were transplanted with either non-fated or fated cells 48 h after distal middle cerebral artery occlusion. Behavioural tests were performed over 2 months at the same time points as Sprague-Dawley rats. Twenty to 25 weeks after transplantation, Nude rats were used for electrophysiological recordings ( Supplementary Fig. 1 ). All experimental procedures were approved by the Malmö -Lund Ethical Committee and were conducted in accordance with European Union directive on the subject of animal rights.
Generation of human induced pluripotent stem cell-derived long-term expandable neuroepithelial-like stem cells
The human induced PSC-derived long-term expandable NES cells were produced from dermal fibroblasts as previously described (Falk et al., 2012) . Briefly, human fibroblasts were subjected to retroviral transduction with plasmids encoding for the viral glycoprotein VSV-G and the reprogramming factors (Oct4, Sox2, KLF4 and c-MYC) and split into plates with mouse embryonic fibroblasts. Colonies were then picked and expanded to establish human induced PSC lines. Those lines were induced to differentiate to neural phenotype as previously described (Koch et al., 2009 ) through an embryoid body-production step. Neural rosettes were generated and carefully picked to isolation of clusters and grown in the presence of 10 ng/ml FGF2, 10 ng/ml EGF (both from R&D systems) and 1 ml/ml B27 (Invitrogen). The human induced PSC-derived long-term expandable NES cell line is routinely cultured and expanded on 0.1 mg/ml poly-L-ornithine and 10 mg/ml laminin (both from Sigma) coated plates into the same media supplemented with FGF, EGF and B27. The human induced PSC-derived long-term expandable NES cells were passaged at a ratio of 1:2 to 1:3 every second to third day using trypsin (Sigma).
Cortical differentiation of human induced pluripotent stem cell-derived long-term expandable neuroepithelial-like stem cells Growth factors (FGF, EGF) and B27 were omitted and cells were cultured at low density in differentiation defined medium containing Dulbecco's modified Eagle medium/F12 with glutamine (Sigma) and supplemented with N2 (1 Â ), non-essential amino acids (0.1 mM), sodium pyruvate (1 mM), bovine serum albumin (500 mg/ml) and 2-mercaptoethanol (0.1 mM), in the presence of BMP4 (10 ng/ml), Wnt3A (10 ng/ml) and cyclopamine (1 mM) for 8 days. Neural progenitors were then dissociated using trypsin and plated on poly-Lornithine/laminin-coated glass coverslips in Neurobasal/differentiation defined medium (1:1) media supplemented with B27 (1:50 without vitamin A, Invitrogen). For in vivo experiments, non-fated cells were grown under the same conditions but without Wnt3A, BMP4 and cyclopamine (WBC).
Quantitative reverse transcription polymerase chain reaction
Quantitative PCR was performed on RNA extracted from cells at Day 32 of differentiation. Non-fated differentiating human iinduced pluripotent stem-derived long-term expandable NES cells were used as controls. Cells were lysed using RLT buffer (Qiagen) directly and stored immediately at À80 C. The RNA extraction from stored samples was performed with RNeasy Õ micro kit (Qiagen) and 0.5 mg of RNA was used for complementary DNA synthesis with iScript TM Advanced cDNA synthesis kit (BioRad) according to the manufacturer's instructions. Reverse transcription negative control, i.e. complementary DNA synthesis reaction without the reverse transcriptase enzyme, was used to exclude genomic DNA contamination. TaqMan Õ probes (Life Technologies) were used and quantitative PCR was run in triplicate samples on a iQ5 real time cycler (BioRad). Data were log 2 transformed and fold changes were calculated by the ÁÁC T method.
Immunohistochemistry
Cells plated on glass coverslips were fixed in 4% paraformaldehyde for 20 min and washed three times in PBS. Permeabilization with 0.025% Triton TM X-100 for 10 min and blocking with 5% normal donkey serum for 45 min were performed. Sprague-Dawley rats were sacrificed 2 months after transplantation and perfused transcardially with 4% paraformaldehyde. Coronal sections (30 mm) were preincubated in blocking solution (5% normal serum and 0.25% Triton TM X-100 in 0.1 M potassium-buffered PBS). Cultures or sections were incubated at + 4 C overnight with primary antibodies (Supplementary Table 1) diluted in blocking solution. Fluorophore-conjugated secondary antibodies (Molecular Probes or Jackson Laboratories) were diluted in blocking solutions and applied for 2 h, followed by three rinses. Nuclei were stained with Hoechst (Molecular Probes or Jackson Laboratories) for 10 min followed by three washes and mounting with Dabco Õ . Images were obtained using epifluorescence and confocal microscopes.
Microscopical analysis and quantification
In vitro quantification was done in three regions of interest from three different coverslips per condition in an epifluorescence/light microscope. Total number of cells in each region of interest was counted using Hoechst staining and CellSens Dimension 2010 software (Olympus, Tokyo, Japan, http://www.olympus.com). Total number of SC101 + cells in the graft was estimated stereologically using C.A.S.T.-Grid software. Around 500 cells per animal were counted in a predefined fraction of the graft area in an epifluorescence/light microscope. The numbers of cells expressing the other markers was analysed in the same way and results were expressed as percentage of total number of SC101 + cells. For measurements of DCX + and HuD + cell numbers and cell morphology, all SC101 + cells in the area adjacent to the core of the grafts were analysed. Colocalization of different markers was in all cases validated in a confocal microscope (Leica, http://www.leica-camera.com).
Projection density in corpus callosum was assessed stereologically using length density estimation with isotropic virtual plane method (newCASTTM, Visiopharm) (Larsen et al., 1998) . SC121 + fibres were counted with epifluorescence/light microscope in consecutive sections from + 1.60 mm rostral to bregma (beginning of genu of corpus callosum) until 600 mm beyond the cluster of grafted cells.
For pyramidal morphology index determination, the width and the number of dendrites emerging from the cell body were sampled in a circle of 25 mm diameter around the cell body as previously described (Hand et al., 2005) . Each pyramidal morphology index was recorded as the width of the largest process divided by the total number of processes that crossed the sampling circle.
Lesion volume was measured using Fox3 staining and C.A.S.T-Grid software. Light microscopic images were first digitalized. The lesion area was calculated by subtracting the non-lesioned (stained) area in the ischaemic hemisphere from the area of the contralateral hemisphere. Lesion volume was estimated by multiplying the areas with section thickness and the distance between the sections.
For evaluating the laminar distribution of TBR1 + cells, grafts were divided in two parts in three representative sections through the central region using a line parallel to the surface of the cortex crossing the centre of the graft. Density of TBR1 + cells in superficial and deep parts of the graft was estimated using C.A.S.T.-Grid software.
To evaluate the rostro-caudal distribution of TBR1 + cells within the grafts, the sections containing grafted cells from each brain were divided into equally sized rostral and caudal groups. The number of TBR1 + cells was counted in each group and results presented as percentage of the total number of TBR1 + cells. When the number of sections was odd, counts in the middle section were distributed equally between the two groups.
Kidney-type glutaminase immunoreactivity was assessed in the grafted non-fated and fated cells. Three images of different regions of the graft in three representative sections from each brain, double-stained for kidney-type glutaminase and green fluorescent protein (GFP) were acquired. The area of kidney-type glutaminase-immunoreactivity was determined by image analysis using CellSens Dimension 2010 software (Olympus). In each section, areas of immunoreactivity were identified using defined representative ranges of threshold for specific signal. Using these defined parameters, the images of each region were analysed by software, which calculated the total area covered by pixels/specific immunopositive signal. The values corresponding to total fluorescence areas were averaged and expressed as the mean kidney-type glutaminase area per animal.
Electrophysiological recordings
For electrophysiological studies on cultures, cells were grown on coverslips, which were transferred to the recording chamber. Electrophysiological analyses on brain slices were performed as previously described (Oki et al., 2012) except that sagittal sections were used instead of coronal ones.
The recording chamber was constantly perfused with carbogenated artificial CSF (in mM: 119 NaCl, 2. Whole-cell patch-clamp recordings were performed with a HEKA double patch-clamp EPC10 amplifier using PatchMaster for data acquisition. Sodium and potassium currents were evoked by a series of 200 ms long voltage steps (from À 70 mV to + 40 mV in 10 mV steps) and action potentials were induced by a series of current steps (0-200 pA in 10 pA steps) lasting 500 ms. Voltage-gated sodium and potassium channels were blocked with 1 mM tetrodotoxin (TTX) and 2 mM tetraethylammonium (TEA), respectively. N-methyl-D-aspartate (NMDA) and aminomethylphosphonic acid receptors were blocked using 50 mM D-AP5 and 5 mM NBQX, respectively. -aminobutyric acid A (GABA A ) receptors were blocked using 100 mM picrotoxin. Data were analysed offline with FitMaster.
For electrical stimulation of the intact cortex, the electrode was inserted in the dorsal cortex $300 mm from the edge of the graft in the caudal direction in a region devoid of green fluorescent proteinpositive cells and fibres.
Distal middle cerebral artery occlusion
Focal ischaemic injury in cerebral cortex was induced as described previously (Chen et al., 1986) . Briefly, animals were anaesthetized and the temporal bone was exposed. A craniotomy of $3 mm was made, the dura matter was carefully opened and the cortical branch of middle cerebral artery was ligated permanently by suture. Both common carotid arteries were isolated and temporarily ligated over 30 min. After releasing common carotid arteries, surgical wounds were closed.
Transplantation
Intracerebral transplantation of human induced pluripotent stemderived long-term expandable NES cells, which had been previously transduced with lentivirus carrying green fluorescent protein, was performed stereotaxically at 48 h after distal middle cerebral artery occlusion in Sprague-Dawley and Nude rats. On the day of surgery, non-fated and fated cells in the seventh day of differentiation were resuspended to a final concentration of 100 000 cells/ml. A volume of 1.5 ml was injected at two sites at the following coordinates (from bregma and brain surface): anterior/posterior: + 1.5 mm; medial/ lateral: À1.5 mm; dorsal/ventral: À 2.0 mm; and anterior/posterior: + 0.5 mm; medial/lateral: À 1.5 mm; dorsal/ventral: À 2.5 mm. Tooth bar was set at À 3.3 mm. Sprague-Dawley rats were given subcutaneous injections of 10 mg/kg Cyclosporine A every day during the first month after transplantation and every other day during the second month.
Behavioural tests
In the cylinder test (Andres et al., 2011; Mine et al., 2013) , the animal was placed in a glass cylinder (diameter: 20 cm) and its forelimb activity was recorded with a digital video camera. Two perpendicular mirrors were placed behind the cylinder to make the complete surface of the cylinder clearly visible. Forelimb use was defined by the placement of the whole palm on the wall. Such contacts were counted offline using frame-by-frame analysis by an observer blinded to the group identity of the animals up to a total of 20 contacts or over 20 min. The use of each paw was then calculated as a percentage of the total number of touches.
In the stepping test (Olsson et al., 1995) , the rats were held by a 'blind' experimenter fixing its hindlimbs with one hand and the forelimb not to be monitored with the other while the unrestrained forepaw was touching a rigid surface. The number of adjusting steps was counted while the rat was slowly moved sideways along the table surface (0.9 m in 5 s), in forehand and backhand directions. The test was repeated twice a day for each forelimb on three consecutive days and the average of the six subtests was calculated.
Statistical analysis
Comparisons were performed using two-way ANOVA, repeated measures ANOVA, and paired or unpaired t-test. For studies of correlation, Pearson's correlation coefficient was calculated. Data are presented as mean AE SEM, and differences considered significant at P 5 0.05.
Results
Cortical progenitors are generated from human induced pluripotent stem cell-derived long-term expandable neuroepithelial-like stem cells Upon growth factor withdrawal, human induced PSC-derived long-term expandable NES cells differentiate to glial cells and neurons, mostly of GABAergic phenotype ( Supplementary Fig.  2 ) (Falk et al., 2012) . To drive the long-term expandable NES cells to an excitatory-glutamatergic neuronal phenotype, we developed a protocol to derive dorsal-fated cells based on the presence of WBC during the first step of differentiation (priming). Cyclopamine is a sonic hedgehog pathway-inhibitor, which leads to the generation of cortical neurons from mouse embryonic stem cells in vitro (Gaspard et al., 2008) . We found that the WBC differentiation protocol applied on human induced PSC-derived long-term expandable NES cells gave rise to increased percentage of cells expressing the cortex-specific neuronal marker TBR1 (62.2 AE 2.1%) compared to the cells that were differentiated under the same conditions but without the fating factors (non-fated, 1.5 AE 1.1%; Fig. 1A and B) already after 22 days of differentiation. Other markers like CTIP2 and CDP (characteristic of cells in deeper and superficial layers of the cortex, respectively) were also expressed by the WBC-primed cells (fated) at 30 days of differentiation (2.1 AE 1.0% and 5.7 AE 2.2% respectively; Fig. 1C-E ), but were not detectable in non-fated cells. We did not observe an increment in the number of mature neurons (MAP2 + ) in the cells subjected to WBC priming, probably because the long-term expandable NES cells already formed maximum number of neurons in the nonfated condition (Falk et al., 2012) . This number is 74.8 AE 1.7 % after 22 days of differentiation and decreases to 49.6 AE 2.1 % at 30-35 days. We observed that cells continued to proliferate at both time points, and found a gradual increase of the number of GFAP + cells after 20 days, amounting to $30% of the total number of cells after 35 days. There was also some minor neuronal death during differentiation. Thus, the lower percentage of neurons at 30-35 as compared with 22 days of differentiation was most likely due to a combination of neuronal death and delayed appearance and higher proportion of mature glial cells, consistent with previous data using mouse embryonic stem cells (Gaspard et al., 2009) . At the later time point, very few cells (50.1%) expressed the marker DARPP32, characteristic of medium-spiny striatal neurons ( Fig.  1H and I ), whereas the vast majority of neurons ($80% of the b-III tubulin and/or MAP2 + cells) expressed the glutamatergic neuron-specific protein VGlut1 (Fig. 1F) .
Analysis of messenger RNA levels using quantitative PCR at Day 32 of differentiation confirmed an increase of specific cortical markers such as TBR1 and CTIP2 in the fated cells compared with non-fated ones (Fig. 1G) . We did not detect an increase of the glutamatergic marker V-GLUT1, suggesting that the switch to a cortical fate occurs among the glutamatergic phenotype of cells. Interestingly, the presence of cyclopamine attenuated the CTIP2 messenger RNA levels (Fig. 1G ). This finding is probably because of the presence of CTIP2 not only in layer V of the cortex but also in the striatum, reflecting the dorsalization of the cells induced by the WBC protocol.
At the latest analysed time point (Day 35), synapsin I-and glial specific marker GFAP + cells were observed among the fated cells ( Fig. 1J-M) . In agreement, it has been shown by other in vitro studies on mouse embryonic stem cells and human embryonic stem cells and induced PSCs (Gaspard et al., 2008; Shi et al., 2012) that GFAP + cells appear at later time points whereas the percentage of MAP2 + and b-III tubulin + cells decreases, thus recapitulating in vivo corticogenesis.
Cortically fated cells show electrophysiological properties of functional neurons
Whole-cell patch-clamp recordings from 26 non-fated and 31 fated cells were performed at 15-22 days of differentiation (early time point) or 30-34 days of differentiation (late time point). Recordings from primary cultures of human foetal cortical (hCTx) neurons (n = 10) at 22-23 days in vitro were performed for comparison (Supplementary material). The properties of the non-fated and fated cells, which were able to generate at least one action potential, and those of the hCTx cells were measured (Table 1) .
Depolarizing current injection induced action potentials in 50-74% of the non-fated and fated cells at the early time point (Table 2 , Supplementary Fig. 3 and 4) . At the late time point, both non-fated and fated cells were able to generate multiple action potentials ( Fig. 2A, Table 2 ) as observed for hCTx cells (Table 2 , Supplementary Fig. 5 ). The characteristics of the action potentials recorded from non-fated and fated cells at the late time point, and to some extent also at the early time point, were similar to those observed for hCTx cells (Table 2) .
In a subset of recordings, the sodium channel blocker TTX was applied. In all of these recordings, TTX abolished the action potential generation in hCTx as well as in non-fated and fated cells both at the early and late time point (Fig. 2B and Supplementary  Fig. 3, 4 and 5). Voltage clamp recordings revealed the presence of a TTX-sensitive sodium current (fast inward current, Fig. 2C and D and Supplementary Fig. 3, 4 and 5) and a TEA-sensitive potassium current (sustained outward current; Supplementary Fig. 3, 4 and 5). The profile of curves obtained by plotting the current amplitude against the voltage appeared similar for both sodium and potassium currents in the non-fated, fated and hCTx cells ( Supplementary Fig. 3, 4 and 5) .
To confirm the neuronal identity of the recorded biocytinlabelled cells, we used staining for the mature neuronal marker MAP2 and the cortex-specific marker TBR1 (Fig. 2E and F) . Most (16 of 18) of the biocytin-labelled cells were MAP2 + at the late time point, and seven of the MAP2 + cells were TBR1 + .
Cortically fated cells are fewer and proliferate less than non-fated cells two months after transplantation in stroke-damaged cortex Rats subjected to 30 min of distal middle cerebral artery occlusion received intracortical injections of non-fated or fated cells or vehicle 48 h later. After 2 months, animals showed lesions that were homogeneous in size and restricted to the cortex in all three groups ( Supplementary Fig. 6A ) with sparing of subcortical structures. Somatosensory cortex and some areas of the motor cortex were affected. In the rostro-caudal axis, the lesion included both frontal and parietal cortical areas with volume $70 mm 2-fold higher in the non-fated compared to the fated group (1.58 AE 0.33 Â 10 6 and 0.81 AE 0.16 Â 10 6 , respectively; Fig. 3A) . In both groups, grafted cells had migrated from the injection site towards the ischaemic lesion, refilling part of the stroke cavity ( Fig. 3C and E) .
In order to explore whether the different number of cells in the grafts in the non-fated and fated groups could be due to differences in proliferation, we analysed the expression of Ki67 in cells positive to SC101. In support of this idea, stereological counting demonstrated a significantly higher proliferation rate for non-fated as compared to fated cells (30.1 AE 6.3% and 10.4 AE 3.0%, respectively; Fig. 3B, D and F) . To exclude the possibility that increased apoptotic rate had caused the reduced number of cells in the fated grafts as compared to the number of cells in the grafts of non-fated cells, we performed terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining in both groups. Stereological estimation of apoptotic cells revealed a rate of 0.46 AE 0.11% for the non-fated group and 0.35 AE 0.08% for the fated group, with no significant difference between them.
Transplantation of cortically fated cells into stroke-damaged cortex improves recovery of sensorimotor deficits Sensorimotor function was evaluated using the cylinder and stepping tests at 1, 4 and 8 weeks after the ischaemic insult in rats injected intracortically with vehicle or non-fated or fated cells. In the cylinder test, the percentage of touches with each forelimb reflects its spontaneous use. One week after stroke, animals in all three groups showed reduced use of the left forelimb but no impairment was detected 7 weeks later (Fig. 4A) . The stepping test provides a direct measure of the sensorimotor deficit underlying limb akinesia. The cortical lesion caused a significant bilateral reduction of forelimb adjusting steps in the forehand direction ( Fig. 4B and C) , reaching maximum at 1 week after stroke in the contralateral forelimb (Fig. 4B) , whereas there was a further decline at 4 and 8 weeks in the ipsilateral forelimb (Fig. 4C) . No recovery was observed in the vehicle-injected group by 8 weeks. When the same data were analysed together with groups that received transplantation of fated or non-fated cells we detected an improved performance in adjusting steps of both forelimbs in the forehand direction compared with vehicle-injected animals at 8 weeks ( Fig. 4D and E) . We observed no differences in this test between animals grafted with fated or non-fated cells. Compared with the forehand direction, the impairment after stroke was smaller in the backhand direction and it was not influenced by the grafts (data not shown).
Fated cells differentiate to neurons with cortical phenotype after transplantation in stroke-damaged cortex
To characterize the morphological properties of the grafted cells and their progeny, we used neuronal markers in combination with human-specific and green fluorescent protein antibodies. Due to high number and density of cell bodies and fibres, it was not possible to carry out a quantitative analysis in the core of the graft in sections immunostained with cytoplasmic antibodies like DCX and HuD. Therefore, detailed assessment of the neuronal phenotype was performed on cells located outside the graft core as previously described (Darsalia et al., 2007) . At 2 months after transplantation, most cells in the graft were stained for DCX (72.2 AE 1.8% for non-fated and 77.1 AE 4.3% for fated cells; Fig. 5A and B), which is expressed by proliferating cells, committed to a neuronal phenotype, and also by immature neurons. The marker HuD, which is specific for post-mitotic neurons including immature and mature but not proliferating cells, was also found in the majority of grafted cells (65.0 AE 3.1% for nonfated and 77.4 AE 3.9% for fated cells; Fig 5A, and C-E), the percentage being significantly higher in animals transplanted with fated as compared to non-fated cells. A substantial number of grafted cells also expressed the mature neuron-specific marker Fox3 (7.1 AE 0.8% for non-fated and 13.7 AE 2.6% for fated cells; Fig. 5A , and F-H), with significantly higher proportion in the fated cell transplanted group. Finally, a small number of fated and non-fated cells ( 5 1%) expressed the glial-specific marker GFAP at this time-point. We then analysed the expression and distribution of cortical markers like TBR1, which is mainly present in cortical layers 5 and 6 of adult brain, SATB2, present in cortical neurons that extend axons across the corpus callosum, and CDP, which is a specific marker of superficial layers of the cortex (layers 1, 2 and 3), in the grafts. The nuclear location of these markers allowed for evaluation also in the core of the graft. At 2 months after transplantation, we detected a considerable number of TBR1 + cells with significantly higher percentage in the grafts of fated cells (2.5 AE 0.3% versus 1.4 AE 0.2% in grafts of non-fated; Fig. 6A ) showing in most of the cases pyramidal morphology characteristic of cortical neurons (Fig. 6B-D) . Other cortical markers like CDP or SATB2 were detected only in very few cells in both grafts, probably due to the later appearance of these markers during neuronal development (see example of CDP + cells in Supplementary Fig.  7 ). Considering the preferential localization of TBR1 + cells in the deeper cortical layers in the intact adult brain (Shoemaker and Arlotta, 2010), we decided to analyse the distribution of these cells within the grafts in all animals from both groups. Interestingly, we found a 3-fold higher density of TBR1 + cells in the deeper layers of the grafts containing fated compared to those with non-fated cells (Fig. 6E-G) . This finding suggests that fated cells implanted into the stroke-damaged brain reconstitute more closely than nonfated cells the normal distribution pattern of TBR1 expression across the cortex structure. We also found a preferential distribution of TBR1 + cells in the rostral part of the graft in animals transplanted with fated cells. In contrast, TBR1 + cells were distributed equally through the rostro-caudal axis in animals with grafts of non-fated cells (Fig. 6H) .
To provide further evidence for the cortical phenotype of the fated grafted cells, we quantified the immunoreactivity for the glutamatergic neuron-specific marker kidney-type glutaminase. Computer-based, unbiased analysis of the sections revealed that the area of kidney-type glutaminase immunoreactivity in the grafts was significantly larger in the fated as compared to the non-fated group (Fig. 6I-O ).
Fated cells generate higher projection density and exhibit more cortical morphological properties than non-fated cells after transplantation in stroke-damaged cortex
Using the human-specific cytoplasmic marker SC121 combined with green fluorescent protein immunostaining to identify the grafted cells and their projections, we observed fibres migrating through the ipsilateral cortex adjacent to the graft, many crossing the corpus callosum, with some reaching the contralateral hemisphere, and a few fibres migrating subcortically towards the internal capsule.
Quantification of these graft-derived fibres in the corpus callosum showed a several-fold higher density in animals transplanted with fated cells (157.3 AE 91.9 fibres/mm 2 for non-fated and 652.2 AE 176.7 fibres/mm 2 for fated cells, Fig. 7A-C) .
Interestingly, we found a linear correlation between the percentage of TBR1 + cells in the graft and the projection density in the corpus callosum (P = 0.015, R 2 = 0.38, Pearson test).
Cortical excitatory neurons are known to exhibit a typical pyramidal morphology, characterized by a polarized outgrowth of one major dendrite, whereas the vast majority of GABAergic interneurons are unpolarized or bipolar. Using a pyramidal morphology index to objectively distinguish the dentritic morphology (Hand et al., 2005) , we compared the shape of the neurons generated http://brain.oxfordjournals.org/ in each condition in the area adjacent to the core of the graft. Interestingly, in the grafts of fated cells we observed a markedly higher percentage of neurons with pyramidal morphology and lower percentage with bipolar morphology as compared to grafts of non-fated cells (Fig. 7D-H) . The analysis resulted in a pyramidal morphology index of 2.3 AE 0.1 for non-fated and 3.0 AE 0.2 for fated grafts (P = 0.02).
Cortically fated cells show electrophysiological properties of functional neurons five months after transplantation in stroke-damaged cortex
We wanted to determine whether the fated and non-fated cells could differentiate to functional neurons also in vivo. To avoid immunosuppressive treatment and allow for long-term survival, we used Nude rats, which were subjected to 30 min of distal middle cerebral artery occlusion and received intracortical injections of either non-fated or fated cells 48 h thereafter.
Twenty to 25 weeks later, whole-cell patch-clamp recordings were performed in acute brain slices (48 fated and 20 non-fated cells from five rats in each group). We found that 21% and 35% of the fated and non-fated cells, respectively, showed functional properties of mature neurons and were able to fire action potentials induced either by depolarizing current injection or spontaneously ( Fig. 8A and B and Tables 3 and 4) . Synaptic transmission, determined by the detection of postsynaptic currents, was observed in the majority of recorded cells (Fig. 8C) . Spontaneous or miniature glutamatergic spontaneous excitatory postsynaptic currents were detected in the presence of GABA A receptor antagonist picrotoxin and could be inhibited in the presence of NMDA and aminomethylphosphonic acid antagonists D-AP5 and NBQX, respectively ( Fig. 8D and E and Supplementary Fig. 8B ). Similar to our previous findings at 5 months after transplantation of human induced PSC-derived long-term expandable NES cells into the unlesioned rat cortex (Oki et al., 2012) , we did not detect spontaneous induced PSCs in the grafted fated cells. Following electrical stimulation of the intact cortex adjacent to the transplant of fated cells, we recorded a monosynaptic evoked response (Fig. 8F) . This finding suggests that host circuitry had developed functional synapses with the grafted cells, or that grafted cells extended processes to the location of the stimulating electrode. Taken together, our results demonstrate that fated (as well as non-fated) human induced PSC-derived long-term expandable NES cells become mature, functional neurons after transplantation into the stroke-injured cerebral cortex.
Discussion
We present here the first experimental evidence that human skinderived induced PSCs can be differentiated to a cortical neuronal phenotype and partly reconstitute injured cortex and improve neurological outcome after intracortical transplantation in a rat stroke model. The human induced PSC-derived long-term expandable NES cells were efficiently differentiated to a neuronal phenotype in vitro without the addition of neural inducers like noggin, SB43152 or dorsomorphin as previously described (Kim et al., 2010; Shi et al., 2012) . We performed the priming step to generate cortical neuronal precursors in the presence of BMP4 and Wnt3a, to promote appropriate differentiation to mature neurons (Andersson et al., 2011; Hebert et al., 2002; Kuwabara et al., 2009; Shimogori et al., 2004) , and cyclopamine to inhibit possible Shh activation and ensure the dorsal phenotype (Gaspard et al., 2008; Li et al., 2009) . However, recent data have indicated that cyclopamine may not be necessary for the induction of cortical identity in human stem cells (Espuny-Camacho et al., 2013) . Immunohistochemical characterization of our fated cells at different time points confirmed the expression of markers specific for mature cortical neurons and glial cells with a pattern similar to that observed in other in vitro models using human induced PSCs (Mariani et al., 2012) . The fated cells also showed electrophysiological properties and quantitative PCR profile resembling those of neurons in human foetal primary cortical cultures, confirming their functionality and cortical phenotype, and being consistent with previously published data (Kim et al., 2011; Wilcox et al., 2011) .
The ischaemic lesion was confined to parietal and frontal cortical areas, mainly affecting somatosensory cortex. We found that transplantation of the human induced PSC-derived long-term expandable NES cells 48 h after distal middle cerebral artery occlusion resulted in a partial regeneration of the stroke cavity through the migration of the grafted cells, probably driven by lesion-induced tropism (Kelly et al., 2004) . At 2 months after transplantation, the human induced PSC-derived cells proliferated, survived and had generated mature neurons maintaining the cortical phenotype observed in vitro. The fated cells exhibited more pyramidal cell-like morphology and projection density in the corpus callosum, and grafts of these cells gave rise to higher percentage of neurons expressing the cortex-specific marker TBR1 as well as better restitution of the cortical layered pattern. The area of immunoreactivity for the glutamatergic neuron-specific marker kidney-type glutaminase was also larger in the grafts of fated cells as compared to the non-fated ones at 2 months after transplantation. The development of projections from the grafted cells and in particular the fated ones provided further evidence of their integration in the host brain. In analogy to our findings, transplantation of murine embryonic stem cell-derived neuroprecursors generated by co-culture with the MS5 stromal line (Ideguchi et al., 2010) and human embryonic stem cell-derived cortical precursors obtained using differentiation defined medium (E-H) Cells, stained with GFP and SC121 (black), with bipolar morphology are more frequent in non-fated cell grafts (E; arrows, the lower one showed with higher magnification in G) whereas pyramidal-like morphology is preferentially found in cortically fated grafts (F; arrows, the upper one showed with higher magnification in H). Scale bars: B = 100 mm also for C, E and F; G = 20 mm also for H. cc = corpus callosum; lv = lateral ventricle. The electrophysiological data from brain slices containing grafted cells showed that they had differentiated to functional neurons 5 months after transplantation in stroke-damaged cortex. The cells had acquired mature electrical properties, being able to fire action potentials. Integration of these cells into host circuitry was supported by the occurrence of spontaneous and evoked responses. This was observed also in the presence of a GABA receptor antagonist but disappeared in the presence of NBQX and D-AP5, providing evidence of glutamatergic afferents. Previous studies have shown that embryonic stem cell-derived cells transplanted into stroke-damaged brain can generate cells with electrophysiological properties of mature neurons and receive synaptic inputs (Buhnemann et al., 2006; Daadi et al., 2009) . We recently showed that non-fated human induced PSC-derived long-term expandable NES cells transplanted into intact rat striatum and cortex can develop excitatory synaptic imputs and functionally integrate, at least in part, into host neural circuitry (Oki et al., 2012) . Here we did not find any significant differences between non-fated and fated cells 5 months after transplantation. Analysis at later time points will likely be necessary to distinguish subtle differences associated with the further maturation of the human-derived fated cells.
The behavioural tests revealed deficits in sensorimotor function at 1 week after the cortical stroke. We speculate that the rapidly observable impairment of the contralateral forelimb in the forehand direction of the stepping test could be caused by the acute loss of neurons in the ischaemic lesion, whereas the slower development of pathology in adjusting steps for the ipsilateral forelimb might reflect secondary degeneration of neurons in connected contralateral cortical areas. Interestingly, the cell-transplanted groups showed improved performance in adjusting steps of both forelimbs at 8 weeks. Here we did not aim to identify the mechanisms underlying the improvements induced by the cortically fated cells at different time points after transplantation. However, it is unlikely that neuronal replacement and reconstruction of circuitry by the human induced PSC-derived long-term expandable NES cells is the major mechanism underlying the improvement at 8 weeks. Conceivably, though, functional integration of the grafted mature neurons, probably occurring several months later, would lead to further improvement. Longer observation times are required to assess whether functional integration of the grafted mature neurons, which probably occurs several months later, would lead to further improvement. The appearance of the graft-induced behavioural improvement at eight but not at 1 or 4 weeks suggests a mechanism related to alterations of the environment by the new cells, e.g. modulation of the inflammatory processes (Mine et al., 2013) . The absence of early functional recovery, as observed in parallel to elevated vascular endothelial growth factor levels at 2 weeks after intrastriatal transplantation of non-fated human induced PSC-derived long-term expandable NES cells in mice subjected to middle cerebral artery occlusion (Oki et al., 2012) , argues against a significant role of vascular endothelial growth factor in the graft effect seen here. Being consistent with the bilateral recovery in the stepping test, the ipsi-and contralateral projections of the grafted cells and the afferents they receive could contribute to recovery by counteracting the secondary degeneration in different areas of the host brain (Polentes et al., 2012) . Various mechanisms have been implicated in this process (Bacigaluppi et al., 2009 ), but cell therapy seems to V rest = resting membrane potential; R input = input resistance; C = capacitance. No significant differences were detected between non-fated and fated cells (unpaired t-tests for V rest and R input and unpaired t-test with Welch's correction for capacitance). Table 4 Action potential characteristics for transplanted fated and non-fated cells be able to promote the recovery of fast axonal transport disrupted after stroke (Andres et al., 2011) . A previous study (Kawai et al., 2010) showed that human induced PSCs can exhibit high tumorigenicity after transplantation into the stroke-injured brain. Consistent with our previous findings using human induced PSC-derived long-term expandable NES cells (Oki et al., 2012) , we did not detect any tumour formation in grafts of either fated or non-fated cells in immunocompromised rats at 5 months following stroke. The cortically fated cells proliferated less than the non-fated ones and similar to the human induced PSC-derived long-term expandable NES cells in the study by Oki et al. (2012) , and were more efficient in generating mature neurons at 2 months. Moreover, the proliferative activity at 5 months after the insult in the grafts of fated cells was very low (1.6%; unpublished observation), as observed in sections through slices used for electrophysiology. In accordance, Oki et al. (2012) found proliferative activity of 1% in human induced PSC-derived long-term expandable NES cell grafts at 4 months after transplantation. Taken together, our data indicate that transplantation of predifferentiated human induced PSC-derived long-term expandable NES cells into the stroke-damaged brain is associated with minimal risk of tumour formation.
The generation of specific subtypes of neurons will be necessary for neuronal replacement-based therapeutic strategies in human neurodegenerative disorders. Human induced PSC-derived dopaminergic neurons have been shown to survive and improve behavioural impairments after intrastriatal transplantation in an animal model of Parkinson's disease (Hargus et al., 2010) . Here we show, for the first time, that neurons of cortical phenotype can be generated from human induced PSCs, and survive, integrate and function after intracortical implantation in a clinically relevant animal model of stroke. Further studies will be needed to clarify in detail the mechanisms of action of these cortical neurons and their capacity to induce behavioural improvements by replacing those cortical neurons, which have died after the insult. Although our findings only represent a very early step, they bring closer the clinical translation of human induced PSCs for neuronal replacement by autologous transplantation in stroke patients.
